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Abstract
Rice is one of the most important crops throughout the world, as it contributes toward satisfying the food demand of much of the
global population. It is well known that rice production generates a considerable number of by-products, among which rice bran
deserves particular attention. This by-product is exceptionally rich in nutrients, since it contains a wide spectrum of macronu-
trients (proteins, fats, carbohydrates) as well as dietary fibers and bioactive compounds. However, rice bran is usually wasted or
just used for the production of low-cost products. The lipidic fraction of rice bran contains an unsaponifiable fraction that is rich in
such functional components as tocopherols, γ-oryzanol, tocotrienols, and phytosterols. This lipidic fraction can be extracted to
obtain rice bran oil (RBO), a high value-added product with unique health properties as a result of its high concentration in γ-
oryzanol, a powerful antioxidant mixture of bioactive molecules. Conventional extraction methods employ hexane as the solvent,
but these methods suffer from some drawbacks linked to the toxicity of hexane for humans and the environment. The aim of the
review presented herein is to point out the new green technologies currently applied for the extraction of RBO, by highlighting
reliable alternatives to conventional solvent extraction methods that are in line with the twelve principles of green chemistry and a
circular economy.
Keywords Rice bran . Rice bran oil . Green extraction . Supercritical fluid extraction . Microwave-assisted extraction .
Ultrasound-assisted extraction . Enzyme-assisted aqueous extraction . Subcritical water extraction
1 Introduction
Rice represents one of the most important food crops in the
world, accounting for around 20% of the dietary energy intake
of the global population [1]. According to estimations, the
world’s rice production will reach 499.31 million metric tons
over the 2019–2020 period [2]. After rice harvesting, the
whole grain is subjected to a milling process to obtain the
well-known white rice kernels that are abundantly consumed
all around the world. Depending on the rice variety, cultiva-
tion procedure, and the employed technique, around 40% of
the total grain is lost during the milling process in the form of
by-products [3]. The by-products generated through various
milling steps are husk, bran, germs, and broken rice, and they
are usually discarded or used for animal feeds. Bran is the
most attractive of these by-products, because even though it
represents only 9% of the rice weight, it contains around 65%
of the nutrients of the whole rice grain [4, 5]. One of the most
common uses of rice bran is the extraction of rice bran oil
(RBO), which is mainly produced and consumed in Asian
countries [6], where it is considered as a “healthy oil,” thanks
to its extraordinary proprieties. Several studies have demon-
strated a significant antioxidant and anti-inflammatory activity
of RBO, thereby confirming its antihypertensive, antidiabetic,
anti-obesity, and anticarcinogenic properties [7, 8]. One of the
principal ingredients responsible for this set of beneficial
health effects seems to be γ-oryzanol, an antioxidant mixture
of ferulic acid esters of phytosterols [9]. RBO is commonly
extracted using non-polar solvents, such as hexane, an organ-
ic, petroleum-derived solvent that is toxic for humans and the
environment [6, 10]. As a result of the growing concerns about
environmental and human safety, and after the development
of green chemistry, most researchers are now focusing on
alternative green extraction procedures to counter the disad-
vantages of conventional techniques. These emerging technol-
ogies of extraction are designed to use non-conventional sol-
vents, to reduce the process time and the energy consumption,
and to produce high-quality products stable over time [11, 12].
Innovative and green extraction techniques often include
some technologies employed to intensify the process such as
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ultrasound, microwave, supercritical fluid, subcritical water,
pulsed electric field, enzymatic extraction, ultrafiltration, and
pressurized hot water. Most of these emerging technologies
have already got promising result in the extraction of high-
added value compounds, in particular natural antioxidant,
from different sources such as plants or by-products of food
processing [13–18].
The purpose of this paper is to describe the main green
extraction technologies applied for the extraction of RBO.
The first part provides a general overview of the rice chain,
from the global production to a description of the rice milling
by-products. Rice bran, rice bran oil, and their respective pro-
prieties are presented in the second part and, then, the green
RBO extraction techniques are illustrated. Non-conventional
solvent extraction, microwave-assisted extraction, ultrasound-
assisted extraction, supercritical fluid extraction, enzyme-
assisted aqueous extraction, and subcritical water extraction
are analyzed, a comprehensive overview of the main results
obtained using these green techniques is provided, and it is
demonstrated that high yields of RBO and γ-oryzanol can be
obtained without resorting to the use of petroleum-based
solvents.
2 An overview of rice production
Cereals, including rice, wheat, and maize, represent the prin-
cipal staple food of the world. The global cereal production for
2019, as estimated by FAO, is 2719 million tons, and of the
three major crops, rice is the most important staple food for the
world’s population and the third most important in terms of
production [19, 20]. The US Department of Agriculture
(USDA) has estimated that the world’s 2019–2020 production
of rice will reach 499.31 million tons [2]. Rice contains pro-
teins, carbohydrates, fats, vitamins, minerals, and starch and
contributes to about 21% of the global human pro capita en-
ergy intake and to 15% of the pro capita protein intake [21].
Rice is cultivated all around the world, except in Antarctica
[22]. Nearly 22 species of rice currently exist, but the ones
consumed most are Oryza sativa and Oryza glaberrima,
which are mainly cultivated in Asia and Africa, respectively.
The primary producer and consumer of rice is China,
followed by India and Indonesia (Fig. 1). China and India
produced 148.5 and 116.4 million metric tons of milled rice
in the 2018/2019 crop year, respectively. China is also the
main rice consumer (around 143.79 million metric tons per
year), while India is the main exporter of milled rice through-
out the world (12.5 million metric tons in the 2018/2019 crop
year) [23, 24].
This large spread of rice cultivation throughout the world is
due to the capability of this semi-aquatic annual plant to grow
in a wide range of soil types and water regimes. The main rice
varieties are currently cultivated in flooded fields and rainfed
lowlands [25]; however, 75% of the global rice production is
obtained from irrigated lowland systems, which integrate wa-
ter from rainfalls with a further water supply [26].
After the growing step, the rice enters a post-production line.
Themature crop is first collected (harvesting step) and separated
Fig. 1 The first seven rice producers are highlighted on the map: China, India, Indonesia, Bangladesh, Vietnam, Thailand, Myanmar, The Philippines,
Japan, and Brazil. Bars represent the amount of milled rice produced by China, India, and Indonesia in a million metric tons [23]
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from straw, which represents the first by-product of rice produc-
tion. The crop is then naturally, artificially, or mechanically
dried (drying step). The rice is stored, in order to prevent grain
losses (storage step). Finally, the rice is milled to obtain edible
white rice (milling step). The latter step is the most critical and
produces the highest number of by-products [26–28].
2.1 Rice milling and by-products
As already mentioned, one of the most critical steps in rice
post-production is the milling phase. Rice is milled to obtain
an edible white rice kernel, after the removal of the outermost
layers of the grain and any possible impurities [29].
Before removing these layers, the whole rice kernel (or
grain) is called “paddy.” Paddy is generally composed by hull
or husk (~ 20%), bran (~ 9%), rice kernel or starchy endo-
sperm (~ 70%), and rice germ or embryo (~ 1%) (Fig. 2) [5].
The portions removed from rice are the husk, bran, and
germ. The husk is the outer layer, which protects the kernel
during growth; it is not edible and can easily be removed from
the rice (dehusking or dehulling process). The kernel deprived
of this layer is called brown rice, and it is covered by a second
layer: bran. This second layer reduces the commercial quality
of rice, and it is therefore removed by means of a complex
milling step (whitening or polishing process), together with
the germ. Rice grains may be damaged or broken during the
entire milling process, due to the mechanical stress induced by
the used milling system [27, 30].
Three primary milling systems are currently employed: (1)
one-step milling, (2) two-step milling, and (3) multi-stage
milling.
In the one-step milling system, white rice is obtained by
removing both the husk and the bran from the rice in a single
step, but its application is discouraged due to the massive
generation of broken rice. In the two-step milling system,
the husk is initially separated, brown rice is produced as the
intermediate outcome, and the bran is then also removed, in
the same machine or in a different one. The multi-stage mill-
ing process involves several steps, levels, and machines. This
process is more complex and is the commercial system that is
usually adopted for the production of white rice, because it
was set up to minimize the quantity of broken rice generated
and maximize the yield [3, 31, 32].
The whole milling process generates more than 30% of by-
products, composed of rice husks, bran, germs, and broken
rice, which are still rich in nutritive substances and high-value
molecules.
Rice husk is the protective layer of the grain, and it is the
most abundant inedible by-product generated by the milling
process. It is mostly composed of cellulose, lignin, and silica
in amorphous and hydrate forms [26]. Rice husk is primary
used for the production of energy, by means of thermal pro-
cesses, such as gasification and combustion [33].
The whitening or polishing process generates a number of
by-products that overall represents around 5–20% of the
whole kernel, including the bran and germ, or embryo.
Commercial rice bran is usually a mixture of these two rice
by-products [34]. This fraction possesses an extraordinary
quantity of nutritive compounds, such as fibers, fats, proteins,
vitamins (vitamin E and B complexes), and antioxidant mol-
ecules. It contains 10–23% of oil, which is usually extracted
using a solvent [35]. Rice bran is generally employed in food
industries, but new applications have recently been introduced
Fig. 2 Schematic representation
of rice before the milling process
with the percentage of all its
components and the main
constituents [3, 5]
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in the nutraceutical and pharmaceutical industries as a result of
its demonstrated human health benefits.
The kernel is often subjected to fragmentation, during the
complete milling process, and when the length of the fragment
is less than three-fourths of the whole grain, it is considered
broken and usually transformed into flour and employed in the
food industry [3].
3 Rice bran
The whitening or pearling process applied to brown rice pro-
duces bran, a finely pulverized material composed of the peri-
carp, aleurone, crushed germ, and some fragments of the en-
dosperm [36].
The final composition and the chemical and physical pro-
prieties of rice bran change on the basis of the rice variety, the
growing conditions, but also on the type and type of milling
system. Rice bran is considered a healthy food, due to its high
concentration of nutraceutical compounds [37]. Rice bran in
fact contains about 60% of all the nutrients of the entire rice
grain [4]. It incorporates around 11–17% of proteins, 12–22%
of oil, 6–14% of fiber, 10–15% of moisture, and 8–17% of
ash, and it is rich in micronutrients, such as vitamins, and in
minerals, such as aluminum, calcium, chlorine, iron, magne-
sium, and manganese. It contains high nutritional value pro-
teins that are abundant in essential amino acids. Rice bran is a
source of dietary fiber, and the lipidic fraction is rich in poly-
unsaturated fatty acids and contains significant quantities of
bioactive and antioxidant compounds, such as γ-oryzanol,
tocotrienol, and tocopherol [38].
Despite all of these attractive properties of rice bran, mil-
lions of tons of this by-product are wasted every year or
employed as low-quality animal feeds [39]. This incredible
waste of high-grade food is due to the instability of rice bran,
and its tendency to become rancid because of its natural lipase
enzyme that catalyzes the hydrolysis of oil into glycerol and
free fatty acids [36]. The use of rice bran is only possible after
a stabilization process to deactivate the lipase; such a step
limits the rancidity and helps to maintain the quality of rice
bran during storage. Several techniques exist and have been
studied for bran stabilization: these include parboiling, chem-
ical methods, stove toasting methods, ohmic heating tech-
niques, retained moisture heating, added moisture heating,
dry heating under atmospheric pressure, extrusion cooking,
microwave heating, and infrared heating. Many researchers
agree that the most effective of the aforementioned methods
is microwave heating, an inexpensive and fast method that
generates a product with a low range of free fatty acid that
remains stable over time [4, 38–40]. After stabilization, rice
bran can be employed directly or can be subjected to other
processes in order to obtain high-value products for food,
nutraceutical or pharmaceutical industry applications. One of
the most popular and commercialized products derived from
the processing of rice bran is rice bran oil.
3.1 Rice bran oil
Rice bran contains up to 25% of rice bran oil (RBO), depend-
ing on the rice variety, milling process, and stabilization sys-
tem. RBO is produced and consumed in great quantities in
Asian countries, such as India, Japan, China, Korea, Taiwan,
Thailand, and Indonesia. India, China, and Japan produce
around 472, 90, and 65 thousands of tons of RBO annually,
respectively.
The Japanese were the first to extract RBO from rice bran
using the hydraulic press technique, which is still used nowa-
days, but recently, the preferred industrial technique for com-
mercial uses is extraction using non-polar solvents, such as
hexane [6]. After the extraction, the crude rice bran oil is often
refined in order to improve its quality and commercial value.
The fundamental steps of the refining process include
dewaxing, degumming, neutralization of the free fatty acids,
bleaching, and steam deodorization.
The World Health Organization (WHO), the American
Heart Association (AHA), and other international food and
health organizations have recognized RBO as a “healthy
oil,” because of its well-balanced fatty acid content, which
consists of 47% of monounsaturated fatty acids (MUFAs),
33% of polyunsaturated fatty acids (PUFAs), and 20% of
saturated fatty acids (SFA).The main unsaturated fatty acids
are oleic acid, linoleic acid, and linolenic acid, and the primary
saturated fatty acids are palmitic, myristic, and stearic acid, as
reported in Table 1. [7, 41–43],
Furthermore, crude rice bran oil also contains 2.5–3.2% of
an unsaponifiable fraction that is rich in functional compo-
nents, such as tocopherols (vitamin E), γ-oryzanol,
tocotrienols, and phytosterols, and in other micronutrients,
such as squalene and phospholipids. However, the refining
process can reduce the quantity of some of these
micronutrients [6, 44].
Table 1 Percentage of fatty acids in RBO [7]
Fatty acids Percent
Myristic acid C14:0 0.4–1.0
Palmitic acid C16:0 17.0–21.5
Stearic acid C18:0 1.0–3.0
Oleic acid C18:1 38.4–42.3
Linoleic acid C18:2 33.1–37.0
Linolenic acid C18:3 0.5–2.2
Saturated Fatty Acid (SFA) 18.4–25.5
Monounsaturated fatty acids (MUFA) 38.4–42.3
Polyunsaturated fatty acids (PUFA) 33.6–39.2
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It has been demonstrated that RBO has antioxidative and
anti-inflammatory proprieties as well as antihypertensive, an-
tidiabetic, anti-obesity, and anticarcinogenic properties.
Furthermore, it has a positive effect on cholesterol levels, in-
somnia and other diseases [7, 8].
Υ-oryzanol, tocotrienols, tocopherols, and the other phy-
tosterols contained in rice bran oil are the main micronutrients
that are responsible for the antioxidant activity of RBO. The
ferulic acid ester content in γ-oryzanol is known to be a pow-
erful antioxidant, anti-free radical, and strong radical scaven-
ger. It can decrease plasma and serum cholesterol, thanks to
the structure of some phytosterols that can inhibit its absorp-
t ion . Υ -o ryzano l and toco t r i eno l modera te the
hyperinsulinemic response, and these high levels of antioxi-
dants may increase metabolic activity, thereby favoring
weight losses. Moreover, RBO is also extremely stable at
elevated temperatures and is characterized by a smoke point
of 254 °C. All these features make RBO an excellent candi-
date for food, nutraceutical, pharmaceutical, cosmetic, and
food applications. RBO is also excellent for use in the cos-
metics industry. It can in fact enhance the moisturizing activity
of the skin and encourage hair growth; moreover, the ferulic
acid and esters of γ-oryzanol prevent skin from aging. Υ-
oryzanol may protect the skin from lipidic peroxidation in-
duced by UV-light, making RBO an ideal component of sun-
screen creams [6, 43].
3.2 Υ-oryzanol
As mentioned in the previous section, one of the main
micronutrients that is responsible for a variety the beneficial
human effects is γ-oryzanol. This functional compound was
first isolated from rice bran oil in 1945 by Kaneko and
Tsuchiya [8]. γ-Oryzanol was first identified as a single com-
ponent, but further investigations confirmed that γ-oryzanol is
actually a mixture of ferulic acid and phytosterol esters [9, 45].
Confusion has arisen about the total number of components of
this bioactive mixture, but a recent research has discovered,
separated and identified twenty-three components of γ-
oryzanol [46]. However, four main esters constitute around
80% of the γ-oryzanol in RBO: cycloartenyl ferulate, 24-
methylenecycloartenyl ferulate, campesteryl ferulate, and β-
sitosteryl ferulate (Fig. 3) [47, 53]. All these components are
characterized by a ferulic acid fraction composed of several
alcoholic groups (OH), which cause an increase in polarity,
making γ-oryzanol soluble in polar and non-polar solvents.
The amount of γ-oryzanol in crude RBO can fluctuate
between 1.5 and 2.9%, and an oil refining process may lower
this percentage [44].Moreover, the total content ofγ-oryzanol
and its composition in RBO depend on different factors, such
as the rice variety, environmental conditions, cultivation tech-
niques, the oil extraction system, and the final refining process
employed [7].
Fig. 3 The four main ferulic acid and phytosterol esters constituting γ-oryzanol: a campersteryl ferulate, b β-sitosteryl ferulate, c 24-
methylencycloartanyl feruale, and d cycloartenyl ferulate [47–52]
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The separation and detection of γ-oryzanol components
are usually performed by means of high-performance liquid
chromatography (HPLC), using an ultraviolet (diode-array
detector DAD or photodiode array detector PDA) or a mass
spectrometry revelation system (HPLC/MS) [7, 44].
The complete spectra of all the biofunctional activities of
this mixture are still under investigation and continuously
growing. Several studies have confirmed its antioxidant activ-
ity, an essential role in cholesterol moderation, a role in the
inhibition of the progression of tumors, and on the treatment
of the menopausal syndrome [54].
4 Green extraction techniques
The recovery methodology of high added-value compounds
from food wastes must be properly chosen in order to maxi-
mize the yield and the purity of the extract, to avoid loss in
functionality and to obtain a food grade final product. To
reach these goals it is possible to identify the so called “5-
Stages Universal Recovery Process,” consisting in macro-
scopic and microscopic level procedures: (1) macroscopic
pre-treatment, (2) separation of macro-molecules and micro-
molecules, (3) extraction, (4) isolation and purification, and
(5) product formation [55]. Extraction is a mass transport phe-
nomenon involving the migration of a solute from the matrix
to the solvent and is the most important and critical among the
above mentioned five steps [12].
RBO extraction is usually achieved by means of hydraulic
pressing or solvent extraction. Hexane is the main solvent that
is used, because of its exceptional solubilizing capability, its
low boiling point and its low cost, despite its human and
environmental toxicity [56].
In the last few years, global interest in environmental and
human safety concerns has increased. The scientific commu-
nity has addressed this issue byworking on new alternatives in
food, cosmetic, and pharmaceutical industrial processes. The
publication of the twelve principles of green chemistry and the
twelve principles of green engineering represents a first at-
tempt to formally deal with these aspects. These twenty-four
principles define the best “green” measures that can be intro-
duced to improve chemical and industrial apparatus and to
obtain more sustainable processes [57].
Moreover, six other principles, which recommend optimiz-
ing the existing processes, shifting to innovative non-
conventional technologies and processes, and exploiting alter-
native solvents, have been introduced in the field of green
extraction [16].
Recently, several experiments have been performed in order
to extract oil from this rice by-product, optimizing the existing
processes or developing innovative technologies, in line with the
six green extraction principles. Notably, RBO has been success-
fully extracted using non-conventional solvents, or applying
emerging technologies such as microwaves, ultrasounds, super-
critical fluids, sub-critical water, or enzymatic extraction. All the
procedures analyzed in this paper show remarkable advantages,
especially from an environmental point of view. Indeed, authors
performed the extraction replacing traditional solvents that are
volatile, inflammable, and are often released in the atmosphere
contributing to the air pollution and to the greenhouse effect,
with less impactful compounds such as bio-solvents or water.
Moreover, all the techniques reported in this review allow for a
reduction in energy consumption, optimizing or assisting
existing processes with intensification techniques or creating in-
novative procedures aimed to reduce the number of extraction
steps and consequently the reaction time. As reported by Chemat
et al. [11] and by Galanakis [12], with some green extraction
techniques is possible to save ~ 80% of the process thermal
energy, reducing by ~ 90% the extraction time without altering
the extract properties. The oil extraction from rice bran, that is
usually wasted, is an example of biorefinery valorization of food
by-product in the perspective of an integrated approach and of a
circular economy. The RBO and γ-oryzanol green extraction
techniques, resumed in Table 2, are discussed below.
4.1 Non-conventional solvent extraction
The solvents applied in the extraction processes are generally
organic compounds derived from non-renewable sources [16].
Hexane is the most common solvent used in rice bran oil
extraction [85]. This solvent is cheap and efficient, but it is a
petroleum-based solvent, volatile, flammable, and dangerous
for humans and for the environment [11]. Several efforts have
recently been made to find alternatives to this organic com-
pound, focusing on green, non-petroleum-derived, and bio-
based solvents.
The primary non-conventional solvents applied in RBO
extraction are ethanol, isopropanol, ethyl acetate, and D-
limonene.
All of these compounds are bio-based solvents and can be
derived from agricultural biomasses (Fig. 4) [16].
These solvents are labeled as “recommended” or “pre-
ferred” in several guidelines, such as the GlaxoSmithKline
(GSK) [86], Pfizer [87] Sanofi [88], AstraZeneca, and Green
Chemistry Institute-Pharmaceutical Roundtable (GCI-PR)
solvent guidelines. These guides deal with solvents from the
safety, occupational health, environment, technical constraint,
and cost perspectives [89].
Hu et al. [58] compared RBO and γ-oryzanol yields,
after extraction with hexane and isopropanol at a 2:1 or
3:1 w/w solvent-to-bran ratio at a temperature of 40 °C or
60 °C and for extraction times of 5, 10, 15, 20, and
30 min. They reported that extraction conducted with
60 °C preheated isopropanol (3:1 w/w) for 10 min pro-
duces only a slightly lower amount of RBO (201.2 g/kg
dry rice bran) than oil extracted with hexane (211 g/kg
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Table 2 Main extraction techniques of RBO and γ-orizanol
Extraction technique Solvent Parameters Oil yield γ-Orizanol yield References
Solvent extraction Isopropanol • 60 °C
• 3:1 w/w
• 10 min
201.2 g/kg of dry rice
bran
3003 mg/kg dry rice bran Hu et al. (1996) [58]
Isopropanol • 40 °C
• 3:1 w/w
• 15 min
0.10 g/g of fresh rice
bran
n.r. Zigoneanu et al.
(2008) [59]
Isopropanol*
Ethanol with 6% of
water**
• 80 °C
• 3:1 w/w
• 1 h
*16 g/100 g of dry rice
bran
**1.53% of RBO Capellini et al. (2017)
[60]
Ethanol with 6% of
water
• 82.5 °C
• 3:1 w/w
• 3 h
20.05 g/100 g of fresh
rice bran
4164 mg/kg of fresh rice
bran
Oliveira et al. (2012)
[61]
Isopropanol*
Ethanol**
• Soxhlet
• 5:2 v/w
• 4 h
*17.09 g/ 100 g of dry
rice bran
**2.6056 ppm Shukla et al. (2017)
[62]
Acetone • 30 °C
• 4:1 w/w
• 1 h
25% of dry rice bran n.r. Ruen-Ngam et al.
(2014) [63]
d-Limonene • 176 °C
• 5:1
• 1 h
22,48% of dry rice bran n.r. Liu et al. (2005) [64]
Microwave-assisted
extraction
Isopropanol • 120 °C
• 3:1 w/w
• 15 min
0.15 g/g of fresh rice
bran
n.r. Zigoneanu et al.
(2008) [59]
Isopropanol • 140 °C
• 3:1 w/w
• 15 min
0.171 g/g of fresh rice
bran
n.r. Duvernay et al. (2005)
[65]
Isopropanol • 82 °C
• 2.1 bar
• 95 W
• 3:1 w/w
• 30 min
23.6 g/ 100 g of dry
rice bran
2.256 ppm Shukla et al. (2017)
[62]
Methanol • 38 °C
• 800 W
• 3:1 w/w
• 1 h
96.03% of recoverable
RBO
85 ppm Kumar et al. (2016)
[66]
Ethanol • 120 °C
• 3:1 w/w
• 20 min
17.2% of dry rice bran n.r. Kanitkar et al. (2011)
[67]
Ethanol •Continuous flow
100 ml/min
• 73 °C
• 3:1 w/w
• 21 min
82.39% of recoverable
RBO
n.r. Terigar et al. (2011)
[68]
Ultrasound-assisted
extraction
Water • 12 kHz
• 300 W
• 45 °C
• 1:10 w/w
• 30 min
21% of dry rice bran n.r. Cravotto et al. (2004)
[69]
Water • 60 kHz
• 25 °C
• 1:10 w/w
• 70 min
• pH 12
20% of dry rice bran n.r. Khoei et al. (2016)
[70]
Ethanol 87% • 35 kHz
• 140 W
• 60 °C
• 21:1 w/w
• 28 min
19.83% of dry rice bran n.r. Tabaraki et al. (2011)
[71]
Methanol • 24 kHz
• 38 °C
• 1:3
154.5 mg/g rice bran 82.032 ppm Kumar et al. (2016)
[66]
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dry rice bran). Furthermore, the γ-oryzanol yield
(3003 mg/kg dry rice bran) is comparable with the hexane
extraction yield.
These results are similar to those reported by Zigoneanu
et al. [59], who compared hexane and isopropanol extraction
at a 3:1 w/w solvent-to-bran ratio, but at 40 °C and for 15 min.
Table 2 (continued)
Extraction technique Solvent Parameters Oil yield γ-Orizanol yield References
• 60 min
Supercritical fluid
extraction
CO2 • 28 MPa
• 70 °C
• 2 h
71.1 mg/g dry rice bran n.r. Garcia et al. (1996)
[72]
CO2 • 9000 Psi
• 100 °C
• 90 min
20.4% n.r. Kuk et al. (1998) [73]
CO2 • 680 atm
• 50 °C
• 25 min or
15–20 min
• 250 ml/min
5.39 mg/g of fresh rice
bran
674.6 mg/g of RBO Xu et al. (2000) [74]
CO2 • 350 bar
• 60 °C
• 1.5 L/min
• 3 h
15% of dry rice bran n.r. Al-Okbi et al. (2013)
[75]
CO2 • 500 bar
• 60 °C
• 40 g/min
• 1.5 h
22.5% of dry rice bran 11,100 ppm Balachandran et al.
(2008) [76]
CO2 • 300 bar
• 333 K
• 10 g/min
19.6% of dry rice bran 14.7 mg/g oil Wang et al. (2008)
[77]
CO2 • 30 MPa* or
40 MPa**
• 80 °C
• 3 ml/min
• 200 min
*0.241 g/g of dry rice
bran
**83.14% of recoverable
oryzanol
Tomita et al. (2014)
[78]
CO2 • 40 Mpa
• 65 °C
• 0.45 ml/min
• 6 h
n.r. 11,371.79 mg/kg of dry
rice bran
Imsanguan et al.
(2008) [79]
CO2 • 400 bar
• 60 °C
22.2% of dry rice bran 1.55% of RBO Bitencourt et al.
(2016) [80]
Enzyme-assisted aqueous
extraction
Water • 60 °C
• pH 4.5
• water/bran 3:1 w/w
• hexane/bran 1.5:1
v/w
• Pectinase
• Cellulase
20.6% of dry rice bran n.r. Sengupta et al. (1996)
[81]
Water • 65 °C
• pH 7
• 80 rpm
• 18 h
• Protease
• Pectinase
78% of recoverable
RBO
n.r. Sharma et al. (2001)
[82]
Water • 50 °C
• pH 9
• Alcalase
• 2 h
79% of recoverable
RBO
1.76% of RBO Hanmoungjai et al.
(2001) [83]
Subcritical water
extraction
Water • 240 °C
• 10 min
249 mg/g of dry rice
bran
n.r. Pourali et al. (2009)
[84]
In Capellini et al. [60], Shukla et al. [62] and Tomita et al. [78], different solvents or parameters have been employed, leading to different oil orγ-orizanol
yield, as highlighted by the asterisks (*, **)
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Capellini et al. [60] attempted to replace hexane with eth-
anol and isopropanol to produce rice bran oil. They investi-
gated the effect of different solvent hydration degrees (0, 6, or
12 mass % water) and temperatures (50 to 80 °C) on oil and
minor compound extraction, using a 3:1 w/w solvent-to-bran
ratio and a reaction time of 1 h. The study highlighted a neg-
ative effect on oil extraction, with an increase in the water
content of the solvent, but a positive effect on the yield of
lipid components as a result of an increase in temperature.
The maximum RBO extraction yield (16 g/100 g rice bran)
was obtained using pure ethanol and isopropanol at 80 °C,
while the highest γ-oryzanol yield was obtained using ethanol
with 6% of water, regardless of the temperature.
These results reflect those of Oliveira et al. [61], who also
found that the RBO extraction yield is influenced to a great
extent by the water content in the solvent and by the temper-
ature. They used a response surface approach to investigate
the effect of solvent hydration, temperature, the solvent-to-rice
bran mass ratio, and stirrer speed on rice bran oil extraction.
Their results show that it is possible to obtain a maximum oil
yield of 20.05 g/100 g rice bran in a three-hour extraction in
ethanol with 6% of water at 82.5 °C, with a 4:1 w/w solvent-
to-bran ratio and a stirring speed of 137.5 rpm. The γ-
oryzanol content varies between 1527 and 4164 mg/kg of
fresh rice bran.
Shukla at al. [62] reported that isopropanol gave the same
yield as hexane (17.09 g/100 g rice bran), but a higher yield
than ethanol after 4 h of extraction using a soxhlet apparatus.
Furthermore, the RBO extracted with ethanol contained a
higher γ-oryzanol concentration (2.609 ppm) than that of the
RBO extracted with hexane (2.229 ppm) or isopropanol
(2.094 ppm).
Ruen-Ngam et al. [63] investigated the use of isopropanol,
ethyl acetate, and ethanol as green solvents for RBO extrac-
tion under different rice bran-to-solvent ratios (1:2, 1:4 and 1.6
w/w) at 30 °C for 1 h. The highest percentage of oil was
extracted using a 1:3 rice bran-to-solvent ratio for all the sol-
vents, except for ethanol, in which the maximum yield was
obtained using a 1:6 rice bran-to-solvent ratio. The authors
identified γ-oryzanol in each experiment, even though they
did not quantify the amount.
Liu and Mamidipally [64] extracted RBO using d-
limonene and reported that they extracted more oil when using
this green solvent than when using hexane under their exper-
imental conditions. Despite this advantage, this kind of extrac-
tion requires a higher energy expenditure than hexane in order
to separate the solvent from the oil, because of the higher
boiling point of d-limonene (176°C). This issue makes this
process too expensive from an economic and energetic per-
spective, and further studies are needed to optimize the use of
limonene as a potential solvent for RBO extraction.
In short, the above reported studies demonstrate the feasi-
bility of using green solvents, instead of hexane or other toxic
solvents, to extract RBO. Isopropanol and ethanol gave the
Fig. 4 Overview of the main bio-
based solvents [16]
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best results, in terms of RBO yield and amount of γ-oryzanol
extracted. However, further studies are necessary before green
solvents can be used in RBO extraction.
4.2 Microwave-assisted extraction
Microwave-assisted extraction (MAE) seems to be one of the
most promising new emerging green technologies for the ex-
traction of different compounds in different matrices, thanks
to its capability to reach high temperatures in short reaction
times, with a lower expenditure of solvents and energy, there-
by allowing high yields and purity in oil and bioactive com-
pounds [90].
Microwaves are electromagnetic waves made up of two
oscillating perpendicular fields, i.e., electrical and magnetic.
As shown in Fig. 5, molecule dipoles are in a chaotic state in
nature; when a continuous electric field is applied, a dipole
alignment occurs; and when a high-frequency electromagnetic
field (like a microwave) is applied, these dipoles start to rotate
continuously. Electromagnetic energy produces heat through
ionic conduction and dipole rotation in both the solvent and
the matrix [91, 92].
In the case of plant matrix extraction, fast heating causes an
increase in the pressure inside the plant cells, which may lead
to the rupture of the cell walls, thus accelerating mass transfer
between the solvent and bioactive compounds [91, 92].
Zigoneanu et al. [59] extracted RBO using such a system
with isopropanol (a polar solvent) and hexane (a non-polar
solvent), a 3:1 w/w solvent-to-rice bran ratio and five ex-
traction temperatures (40, 60, 80, 100, and 120 °C). As
already mentioned, the extraction yield increases with tem-
perature when isopropanol is used. At 120 °C, the oil ex-
tracted using isopropanol in a 15 min extraction is 50%
higher than the amount of oil extracted with hexane. These
outcomes are comparable with the results obtained by
Duvernay et al. [65], who tested MAE with isopropanol at
80, 110, and 140 °C. They noted a 54% increase in RBO
yield when operating at a temperature of 140 °C for 15 min.
Moreover, Shukla at al. [62], using isopropanol coupled
with MAE, also reported a higher oil yield than when using
hexane, at a temperature of 82 °C, a pressure of 2.1 bar, and
a power of 95 W for an extraction time of 30 min. The
authors also reported that the RBO extracted with
isopropanol, under the same experimental conditions,
contained 2.256 ppm of γ-oryzanol.
Isopropanol was confirmed to have a better solvent ability,
at higher temperatures, than hexane in RBO extraction [63].
Moreover, polar solvents, such as isopropanol and ethanol,
were found to be better solvents for microwave oil extraction,
due to their ability to absorb microwaves [92].
Kumar et al. [66] conducted a comparative experiment
using methanol with hexane and petroleum ether as solvents
in MAE. The authors highlighted that the polar nature of the
solvent is an essential condition for RBO and γ-oryzanol ex-
traction. They found that methanol (a polar solvent) extracted
around 96.03% of the oil present in rice bran and 85.0 ±
0.20 ppm of γ-oryzanol.
Kanitkar et al. [67] performed a MAE of RBO using etha-
nol. This solvent is less toxic than hexane, it can be derived
from bio sources, and it is relatively cheap. In their study, the
authors investigated the influence of the temperature (from 60
to 120 °C) and time (3, 9, 15, 20 min) on RBO microwave
extraction using a 3:1solvent-to-rice bran ratio. They observed
that the MAE oil yields increased with the temperature and
extraction times, reaching a maximum of 17.2% ± 0.4% at
120 °C and for 20 min of reaction time.
Fig. 5 The actions of molecular dipoles under a no electric field, b a continuous electric field, and c a microwave. Figure adapted from Destandau et al.
[91]
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Terigar et al. [68] studied the optimization of RBO micro-
wave extraction in a continuous MAE, from the laboratory to
a pilot-scale system. The authors optimized the lab-scale sys-
tem and obtained the maximum oil yield at 73 °C after 21 min
of extraction using a 3:1 ethanol-to-rice bran ratio and a flow
rate of 100 ml/min. They then applied the same temperature
and a flow rate of 1.0 and 0.6 l/min to the pilot-scale system
and obtained 90% of recoverable oil in only 8 min.
All these relevant results show the advantages of using
MAE to extract RBO and γ-oryzanol by minimizing the time
and solvent consumption, in comparison to conventional sol-
vent extraction techniques. Furthermore, MAE allows hexane
to be substituted with a less toxic and green solvent, such as
ethanol or isopropanol.
4.3 Ultrasound-assisted extraction
Over the last few decades, the application of ultrasound in
extraction processes has increased considerably for both clas-
sical and green innovative extraction techniques, especially in
the food and natural product fields. Ultrasound-assisted ex-
traction (UAE) is a cheap and environmental friendly process
that satisfies all the green-chemistry principles. Compared
with standard extraction techniques, UAE allows a reduction
of the extraction time, and of the energy and solvent consump-
tion to be achieved, and at the same time maintains the high-
purity of the final product [93, 94].
Ultrasounds (US) present frequencies in the 20 kHz to
10MHz range and are classified as high-power or low frequen-
cy (20 kHz–100 kHz), intermediate-power or medium frequen-
cy (100 kHz – 1 MHz), and low-power or high frequency US
(up to 10 MHz) [95]. These frequencies are generated by two
main US devices employed in research and industry: the ultra-
sonic bath and the probe-type ultrasonic system (Fig. 6). The
high-power ultrasonic probe is considered the best extraction
system, and its large-scale commercial and industrial applica-
tions have been improved over the last decade [94, 95].
The extraction effect of ultrasounds is the sum of several
physical and chemical phenomena, which occur both in the
solvent and in the matrix, such as shear forces, pressure chang-
es, agitation, cavitation, microjets, radical formation, and also
fragmentation, erosion, capillarity, and sonoporation, as
highlighted by Chemat et al. [93]. Acoustic cavitation seems
to be the main factor responsible for the sonication effect. This
phenomenon occurs when ultrasound waves induce a succes-
sion of rarefaction and compression cycles that create
microbubbles in a medium, such as a solvent. These bubbles
ultimately collapse, because of fast and continuous pressure
changes. When this implosive collapse occurs in the cell mem-
brane, breaking points start to develop on the cell surface, the
mass transfer of molecules between the matrix and the solvent
increases, and their diffusion accelerates. All these features
make this technique suitable for the extraction of different bio-
active compounds, such as antioxidants, polyphenols, anthocy-
anins, or other organic substances, from several kinds of matri-
ces using different solvents [95, 96]. Unfortunately, despite all
of these advantages, only a few studies have been conducted on
the UAE of RBO and γ-oryzanol.
Cravotto et al. [69] were the first to extract RBO under high-
intensity ultrasounds, using a basic aqueous solution instead of
an organic solvent. The authors extracted 21% of oil, with re-
spect to the weight of the starting material, using a 12:1 water-
to-bran ratio at pH 12. Sonication was conducted through an
immersion horn (12 kHz, 300 W) at 45 °C for 30 min.
Fig. 6 The main UAE systems: ultrasonic bath (a,b) and the probe-type ultrasonic system (c). Figure adapted from Tiwari et al. [14, 94]
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Khoei and Chekin [70] also extracted RBO using water
instead of organic solvents and investigated the influence of
pH, temperature, and extraction time on oil extractability.
They mixed rice bran and water in a 1:10 ratio at a specific
pH and the mixture were then immersed in an ultrasound bath,
with the power set at 60 kHz, for a variable time and temper-
ature. The authors showed that it is possible to obtain an RBO
yield close to that obtained by means of Soxhlet extraction
using hexane as the solvent. The best extraction conditions
were obtained using a basic medium (pH 12), at 25 °C, and
an extraction time of 70 min. These two research works con-
firmed the feasibility of the UAE of RBO at low temperatures,
without the application of any dangerous organic solvent.
Other authors have highlighted the possibility of extracting
oil and antioxidants from rice bran using UAE and alcoholic
solutions. Tabaraki and Nateghi [71] optimized the extraction
of oil, polyphenols, and antioxidants from rice bran using a
response surface methodology. They investigated three vari-
ables: (1) the ethanol concentration, (2) the extraction temper-
ature, and (3) the reaction time. The authors obtained the max-
imum yield after 28 min of sonication in an ultrasonic bath
(35 kHz and 140 W) at 60 °C, using an ethanol concentration
of 87% and a 21:1 solvent-to-bran ratio.
Ghasemzadeh et al. [97] also used an ethanolic solution to
extract polyphenols, flavonoid compounds, tocopherols, and
tocotrienols with UAE. The antioxidant molecules were ex-
tracted using an ethanol concentration of 50% at 45 °C, and a
power of 150 W for 1 h; the authors did not report the RBO
yield.
Kumar et al. [66] compared UAE with MAE and conven-
tional extraction methods using a variety of solvents (petro-
leum ether, hexane and methanol). Rice bran was mixed
with the three different solvents in a 3:1 solvent-to-bran
ratio, and the mixtures were then sonicated using a high-
intensity ultrasonic probe at 24 kHz and 38 °C for 60 min.
The UAEwith methanol generated an RBO yield of 154.5 ±
0.04 mg/g of rice bran with 85,032 ± 0.04 ppm of γ-
oryzanol. These values are slightly lower than those obtain-
ed from microwave extraction, although they were signifi-
cantly higher than those obtained by means of the conven-
tional solvent extraction method.
UAE represents a promising green technology that allows a
reduction in the amount of conventional solvent to be
achieved or, alternatively, water or greener solvents, such as
ethanol to be used. It decreases the extraction time and gener-
ates comparable RBO and antioxidant yields with those of
conventional extraction methods.
4.4 Supercritical fluid extraction
Interest in supercritical fluid extraction (SFE) and in particular
in supercritical carbon dioxide (scCO2) extraction has grown
over the last four decades. After the first industrial
applications in the decaffeination and beer production fields,
it has evolved into a green, environmental friendly process,
especially for food industries [98, 99].
SFE utilizes fluids at temperatures and pressures that are
above their critical points, with high densities, low viscosities,
and diffusivities that fall between gases and liquids.
Compared with organic solvents, supercritical fluids exhibit
more advantageous transport properties and a higher penetra-
tion power of the matrix, therefore allowing a faster and more
efficient extraction [100, 101].
Through the manipulation of the temperature and pressure,
it is possible to modulate the solubility power and the selec-
tivity of supercritical fluids. It is also possible to recover the
dissolved compounds and obtain a pure and solvent-free ex-
tract by merely reducing the fluid density and by decreasing
the temperature and pressure.
Most SFE systems extract chemical compounds using su-
percritical carbon dioxide instead of an organic solvent [102],
which has a relatively low critical pressure and temperature
(31.06 °C and 73.7 bar) (Fig. 7) and is used routinely in food
processing industries to extract lipids from several kinds of
matrices.
This gas can be used to extract thermolabile components; it
is non-flammable, non-toxic, non-corrosive, cheap, and avail-
able at a high purity grade; and it can be recovered and
recycled. It is a non-polar solvent, but its polarity and selec-
tivity toward some molecules can be modulated by adding
more polar co-solvents, such as water or ethanol, during the
extraction process [101, 103].
Researchers started working on RBO extraction almost
40 years ago [102]; however, it is only more recently that they
have begun to focus on the concentration of antioxidants, such
as γ-oryzanol, in the extracts.
Fig. 7 CO2 phase diagram. The red circle indicates the critical point of
CO2 (31.06 °C and 73.7 bar); when the fluid is above the critical
temperature and pressure it is called a “supercritical fluid” [98, 101]
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Most of the works focused on the optimization of the
scCO2 of RBO analyzing temperature, pressure, CO2 flow,
extraction time, and raw material size as the principal vari-
ables. These operative conditions were investigated consider-
ing different instrumental configurations, in order to find the
best compromise between the extraction yield, product quali-
ty, and operational cost of the process [104].
Garcia et al. [64] investigated the influence of temper-
ature (40° to 70°), pressure (10, 16.2, 22, and 28 MPa),
the size of the rice bran fractions (0.038–0.1, 0.3–0.4,
0.5–0.7, and 0.038–1 mm), and time (from 30 min to
4 h) on the extraction yield. The maximum RBO yield
(71.1 mg/g dry rice bran) was obtained at 28 MPa, at a
temperature of 70 °C, and over a 0.038–1 mm range. The
authors showed that no significant yield increase occurred
after 2 h of extraction.
Kuk and Dowd [73] also investigated the effect of temper-
ature and pressure on RBO and γ-oryzanol yield. The authors
applied pressures ranging from 7000 and 9000 psi and tem-
peratures in the 70–100 °C range and obtained an oil yield of
20.4% for the maximum pressure and temperature applied.
Moreover, they obtained 1.5% of sterols from γ-oryzanol at
7000 psi and 80 °C.
Xu et al. and Al-Okbi et al. [74, 75] extracted RBO under a
constant pressure regime. Xu et al. [85] applied a pressure of
680 atm and varied the temperature from 30 °C to 75 °C, with
a flow rate of 250 ml/min for 25 min. The percentage yield of
RBO varied from 9 to 13%.
All these works compared the RBO yield obtained with
scCO2 with conventional hexane extraction, and in all the
illustrated cases, the percentage of oil extracted with a super-
critical fluid was slightly lower or just comparable with those
obtained by means of conventional solvent extraction.
These results were confirmed by Balachandran et al. [76],
who investigated the influence of pressure (350, 425, and
500 bar), temperature (50, 60 and 70 °C), time (0.5, 1 and
1.5 h), and packing (pebbles, glass beads, and structured stain-
less steel rings) on RBO and γ-oryzanol yields at a CO2 flow
rate of 40 g/min. The maximum oil yield (22.5%) was reached
at 500 bar, at a temperature of 60 °C, and for 1.5 h, with
structured stainless steel rings used as the packing material;
the γ-oryzanol concentration varied from 5800 to
11,110 ppm.
The RBO extracted in scCO2 has a smaller number of
phosphatides than the oil extracted by means of conventional
methods, likely because of the insolubility of these com-
pounds in CO2 and their high molecular weight. Moreover,
a supercritical extract contains less wax and fewer pro-oxidant
metals, such a Fe or Cu, and shows an excellent color quality.
Such excellent features allow some refining steps (e.g.,
degumming, bleaching) to be avoided, which would other-
wise be mandatory to obtain a good quality and marketable
oil, at a reduced cost.
Overall, the works that have dealt with RBO extracted in
scCO2 have demonstrated that the role of temperature changes
is more important than that of pressure variations on oil yield
[768]. The scCO2 density in fact decreases when the temper-
ature increases, and elevated temperatures may alter some
physical proprieties of rice bran, making it easier for the sol-
vent to penetrate the matrix. Moreover, if the pressure is far
above the CO2 critical point, high temperatures can increase
the oil vapor pressure, thereby causing an increase in solubil-
ity [74].
Wang et al. [77], using scCO2 extraction from rice bran,
also obtained an 18.1% RBO yield and a γ-oryzanol extrac-
tion efficiency of 88.5%. These authors employed a response
surface methodology to establish the optimal pressure
(30 MPa) and temperature (40 °C) in order to improve the
γ-oryzanol concentration in the extracted oil.
Tomita et al. [78] showed that the interaction between tem-
perature and pressure influences RBO recovery. The authors
varied the extraction pressure from 20 to 40 MPa and the
temperature from 40 to 80 °C at a fixed flow rate of 3 ml/
min. They observed that at higher pressures, temperature in-
creases produced only small changes in RBO recovery. A
significant decrease in oil recovery was instead observed
when the temperature was increased from 40 to 80 °C. As
already explained, the solubility of oil in scCO2 is linked to
the solvent density and the solute vapor pressure, which
change for different temperatures and pressures. A tempera-
ture increase can lower the CO2 density to a great extent at low
pressures, thereby causing a decrease in oil solubility. On the
other hand, an increase in oil vapor pressure is the dominant
controlling factor at high pressures, and density variations do
not play a relevant role in modulating the solubility of oil.
Consequently, oil solubility shows small variations as does
the oil yield.
Tomita et al. [78] investigated the behavior of extraction
varying the CO2 flow rate. These authors observed a slight
increase in recovery as the flow rate rose, which in turn influ-
enced the mass transfer. This effect is due to a rise in solvent
molecules per unit of volume in the extractor, which induces
an increase in solvent-oil intermolecular interactions and oil
solubility.
Xu et al. [74] and Imsanguan et al. [79] evaluated the yield
of γ-oryzanol extracted using scCO2. Xu et al. [74] applied
the conditions described above and obtained a maximum yield
(5.39 mg/g of rice bran) at a temperature of 50 °C.
Imsanguan et al. [79] instead varied both the temperature
and the pressure (45–65 °C and 38 and 48 MPa), but kept the
CO2 flow rate constant at 0.45 ml/min. The highest γ-
oryzanol yield (11,371.79 mg/kg of rice bran) was obtained
at 48 MPa and a temperature of 65 °C in continuous mode.
Both of these works compared SFE and conventional solvent
extraction with hexane and showed that the yield of γ-
oryzanol in SFE was higher than the highest yield reached
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using conventional solvent extraction and, moreover, for a
lower reaction time.
Bitencourt et al. [80] conducted a study on γ-oryzanol
solubility in supercritical CO2. The authors demonstrated that
it is possible to obtain a γ-oryzanol rich extract using fraction-
al extraction and separating the bioactive compound from the
oil.
In short, RBO extracted by means of scCO2 may lead to an
excellent color quality, a higher number of antioxidants, and
fewer undesired compounds. Therefore, this method can be
considered extremely valuable for the recovery of high value-
added products from by-product materials.
4.5 Enzyme-assisted aqueous extraction
Aqueous enzymatic oil extraction is an emerging green tech-
nology [105]. This technique facilitates the release of oil in
aqueous extraction processes, while avoiding the use of or-
ganic solvents. It is worth noting that the main components of
plant cell walls are cellulose, hemicellulose, pectin, lignin, and
protein. The oil in rice bran is accumulated in organelles,
which are called “lipid bodies.” These organelles are
surrounded by a phospholipid monolayer, which contains a
group of structural proteins named “oleosins.” Enzymes can
help to disrupt this envelope by allowing oil to migrate outside
the cell. Enzyme-assisted aqueous extraction (EAAE) requires
a lower energy and solvent consumption than conventional
solvent extraction, and results in an excellent product, which
does not require any further refining steps. The main enzyme
classes exploited for RBO extraction are cellulase, pectinase,
and protease [81, 105, 106].
Sengupta and Bhattacharyya [81] were the first to apply
EAAE and to investigate the yield and quality of RBO pro-
duced using pectinase (Pectinex Ultra SPL) and cellulase
(Celluclast R), as a function of the temperature, reaction time,
and of the enzyme and rice bran concentrations. These authors
showed that this technique allows a high-quality rice bran oil
to be obtained, with similar features as those of conventional
solvent extracted oil. They also noted that EAAE allows dif-
ferent parts of bran, such as protein and oil, to be fractionized,
thereby avoiding the formation of by-products during the ex-
traction process, since these fractions can easily be separated
and used for different purposes. Nevertheless, EAAE alone
did not produce a high yield of RBO, and a further hexane
extraction step was needed. These results were confirmed by
Hernandez et al. [107], who used amylase, followed by hex-
ane extraction, to obtain an increase of only a 5%, compared
with conventional solvent extraction.
Sharma et al. [82] tried to increase oil yield extraction using
a combination of different commercial enzymes:
ProtizymeTM (protease), PalkodexTM (α- amylase), and cel-
lulase. Amylase and cellulase are hydrolases that are able to
break down cell walls, and protease permeabilizes the
liposome membrane, thus allowing oil to flow from lipid bod-
ies to the solvent. The authors showed that for an optimum
ratio between the enzymes, a temperature of 65 °C, and pH 7
with continuous shaking at 80 rpm for 18 h, it is possible to
obtain an RBO recovery of 76–78% of those normally obtain-
ed with conventional extraction methods, but without having
to resort to an organic solvent.
Hanmoungjai et al. [83] optimized EAAE with a commer-
cial protease (Alcalase 0.6 L) using a response surface meth-
odology. These authors investigated the influence of the en-
zyme concentration, reaction time, and temperature on the
RBO extraction yield. The results were then compared with
the hexane extraction of RBO. The maximum oil extraction
yield that was obtained was 79%, and it was obtained with a
γ-oryzanol content of 1.76%. From a compositional point of
view, oil extracted with Alcalase in water is similar to solvent
extracted oil, but it presents a lower free fatty acid value and a
higher peroxide value. The good quality of RBO produced in
this way reduces the number of further refining steps that are
necessary.
Hanmoungjai et al. [108] also compared the effect of
Alcalase in the EAAE of RBO with another five enzymes:
Celluclast 1.5 L, hemicellulase, Pectinex Ultra SP-L,
Viscozyme L, and papain. The obtained results demonstrated
that Alacalse produced a 75% oil yield in only 1 h of reaction,
thus confirming its crucial role in aqueous extraction.
EAAE represents an innovative eco-friendly extraction
method that allows a high-quality RBO to be obtained and,
simultaneously, the protein fraction to be extracted with al-
most no waste production.
One of the major drawbacks of this technique is the cost.
EAAE requires a considerably higher capital investment than
conventional solvent extraction methods. Sharma et al. [82]
suggested the use of immobilized enzymes, which may allow
the operational cost to be reduced as the enzymes may be
reused but, to the best of our knowledge, this approach has
never been applied for RBO extraction. However, research is
moving toward the study of a more affordable enzymatic pro-
cess [106].
4.6 Subcritical water extraction
Subcritical water extraction (SWE) represents a new option in
green extraction methods, especially for those that employ
food and plants as the starting matrices. SWE employs water,
which is the green-solvent par excellence, as it is non-flam-
mable, non-toxic, easily available, and cheap.Water is a high-
ly polar molecule, and under certain environmental condi-
tions, it is unable to dissolve the majority of organic com-
pounds. In SWE, water is brought to higher temperatures than
its boiling point, usually from 100 to 374 °C (Fig. 8), under a
high pressure, with the aim of preserving its liquid state. The
dielectric constant and the polarity of the water are modified
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under subcritical conditions, thereby making it able to act
more like a solvent of non-polar compounds. At temperatures
above 200 °C, the water dielectric constant is similar to that of
organic solvents, such as ethanol or methanol. Temperature is
one of the main factors that can affect the efficiency and se-
lectivity of an extraction process. When the temperature is
raised, the viscosity, the permittivity, and the surface tension
of water decrease, and diffusivity increases. These factors re-
sult in it having an improved matrix penetration capacity and
an increased efficiency and velocity of extraction. The maxi-
mum working extraction temperature should be chosen care-
fully, according to the materials employed in the process, in
order to avoid the degradation of the analytes of interest. Other
parameters that need to be considered are the pressure, pH,
flow rate, extraction time, and the chemical structure of the
analytes [109–111].
Pourali et al. [84] demonstrated that it is possible to obtain a
simultaneous stabilization and extraction of RBO using sub-
critical water extraction. As already described in previous
chapters, it is necessary to stabilize rice bran deactivating li-
pase enzymes in order to avoid the hydrolytic rancidity pro-
cess. These authors investigated the stabilization and the be-
havior of extraction over a 120 and 240 °C temperature range
for 10 and 20min. An increase in oil yield was observed as the
temperature and time rose. They obtained a complete decom-
position of the lipase enzyme and a maximum RBO yield of
249 mg/g of dry rice bran (94% of the total oil from rice bran),
which is comparable with the quantity obtained by means of
hexane extraction. These results indicate that SWE can be
considered a competitive extraction process that does not re-
quire the use of any toxic organic solvents and which has a
very short reaction time.
Unfortunately, even though this technique has already pro-
vided excellent results for the extraction of other oils, such as
sunflower, soybean, cottonseed, or jojoba oil [112, 113] and
certain functional compounds, such as polyphenols, essential
oils, carotenoids, flavonoids, and flavor and fragrance com-
pounds [101], but it is still not applied extensively for RBO
extraction. Furthermore, SWE presents several remarkable
benefits compared with conventional techniques; i.e., it uses
water instead of organic solvents, and it has faster extraction
times, relatively lower process costs and higher quality ex-
tracts [111].
5 Conclusion and future perspectives
Rice is the staple food of over half the world’s population.
After the harvest process, the rice is subjected to several mill-
ing steps in order to obtain edible rice. The milling process
produces a considerable number of by-products, including
rice bran. This by-product represents around 9% of all milled
rice, and it is full of nutritional and bioactive compounds, but
despite these positive proprieties, it is usually wasted or used
for animal feeds. Rice bran is particularly rich in oil, which is
generally extracted by means of mechanical pressing or or-
ganic solvent extraction. RBO is highly rich in phytochemi-
cals, which offer several health benefits, and in particular in γ-
oryzanol, a powerful antioxidant. These properties have in-
creased the demand for RBO. Security risks and environmen-
tal issues, linked to the extensive use of hexane in convention-
al RBO extraction methods, have encouraged the develop-
ment and application of the green extraction technologies that
are summarized herein. Non-conventional solvent extraction
and supercritical fluid extraction are the green technologies
that have been investigated and applied the most, and these
are followed by ultrasound and microwave extraction tech-
niques. To date, enzyme-assisted aqueous extraction and sub-
critical water extraction are still somewhat underexploited, but
they seem very promising and deserve further attention. All
the here reported green extraction techniques allow a high-
quality rice bran oil and high concentrations of γ-oryzanol
to be obtained and show comparable yields with the extraction
methods that employ hexane.
The green extraction processes reported in this review rep-
resent a starting but promising point toward the reduction or
the elimination of toxic solvents in RBO extraction. Such
techniques may significantly lower the environmental impact,
the energy costs, and the process times. New process based on
green solvents, particularly innovative technologies able to
exploit water as solvent, is urgently needed [114, 115].
Among them, pressurized hot water, high-voltage electrical
discharge, or pulsed electric field extraction should be serious-
ly considered, since they already gave excellent results in the
extraction of bioactive compounds [12, 116]. In addition, a
Fig. 8 Phase diagram of water. The yellow oval represents the subcritical
phase that occurs at higher temperatures than the boiling point (from 100
to 374 °C) and under high pressure with the aim of preserving its liquid
state (above 1 atm) [13]
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scale up of these new RBO extraction methods is necessary in
order to evaluate the commercial feasibility of the extracted
product. Process scale up could be challenging for researchers,
since they will have to adapt the existing methodologies, try-
ing to reduce the number of steps, aiming to obtain a cheaper
production without altering the features of the final products.
Finally, a case-by-case evaluation of the environmental im-
pact of the extraction methods through a life cycle assessment
must be considered in order to address their real sustainability.
Currently, the high cost of the majority of these techniques
precludes the complete replacement of conventional RBO ex-
traction methods. However, the advantages of the promising
approaches herein presented will certainly stimulate the re-
searches aimed at identifying more affordable and cheaper
processes.
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